Investigation of the interactions between animal host and bacterial pathogen is only meaningful if the infection model employed replicates the principal features of the natural infection. This protocol describes procedures for the establishment and evaluation of systemic infection due to neuropathogenic Escherichia coli K1 in the neonatal rat. Colonization of the gastrointestinal tract leads to dissemination of the pathogen along the gut-lymph-blood-brain course of infection and the model displays strong age dependency. A strain of E. coli O18:K1 with enhanced virulence for the neonatal rat produces exceptionally high rates of colonization, translocation to the blood compartment and invasion of the meninges following transit through the choroid plexus. As in the human host, penetration of the central nervous system is accompanied by local inflammation and an invariably lethal outcome. The model is of proven utility for studies of the mechanism of pathogenesis, for evaluation of therapeutic interventions and for assessment of bacterial virulence.
Introduction
Systemic bacterial infections are a major threat to the well-being and survival of the newborn; preterm infants are particularly vulnerable. Neonatal bacterial meningitis (NBM), frequently associated with bacterial sepsis, continues to be a significant source of mortality and morbidity during the first few weeks of life and the problem is exacerbated by the continuing evolution of resistance to frontline antibacterial drugs 1, 2 . A case of NBM is a medical emergency that carries a high medical, social and economic burden 3 ; consequently, there is an urgent need for new therapeutics and, particularly, novel prophylactic strategies to reduce the burden of infection. Some features of NBM are unusual: in the developed world, Escherichia coli and Group B streptococci are responsible for the large majority of cases and the capacity of these strains to elicit NBM is almost always associated with the presence of a protective polysaccharide capsule that enables the pathogen to evade immune recognition processes 4 . A very high proportion (80 -85%) of neuroinvasive E. coli express the K1 capsule 5, 6 , an α-2,8-linked polysialic acid polymer that is structurally identical to host modulators of neuronal plasticity 7 .
The evaluation of new therapeutics and prophylactics for NBM and associated bacteremia and sepsis would clearly benefit from a robust animal model of infection that mimics the key features of the disease in the human neonate, in particular the strong age-dependency and the natural pathway of infection. A wide range of models for Gram-positive and Gram-negative bacterial meningitis are available 8, 9 and these have considerably extended our knowledge of pathogenesis, pathophysiology and treatment options in these infections. Thus, experimental infections in rats, mice, rabbits and monkeys have been used to study meningitis in both the neonate and the adult. However, many of these models employ direct intracisternal or subcutaneous injection of bacteria for initiation of infection, creating an artificial pathogenesis by bypassing natural processes of dissemination from the site of colonization. In some cases these methods of inoculation led to significant changes in pathology; for example, subcutaneous administration of E. coli K1 strains abrogated the age-dependency associated with the natural infection, producing bacteremia and invasion of the central nervous system (CNS) in both neonates and adults 10 . Predisposition to E. coli NBM is critically dependent on vertical transmission of the causative agent from mother to infant at or soon after birth 11 . Maternally-derived E. coli K1 bacteria colonize the neonatal gastrointestinal (GI) tract [11] [12] [13] , which is sterile at birth but rapidly acquires a complex microbiota 14 . In colonized neonates, E. coli K1 bacteria have the capacity to translocate from the intestinal lumen into the systemic circulation before entering the CNS across the blood-brain or blood-cerebrospinal fluid barriers 9, 15 . The design of robust models of experimental infection should take these details into account.
Although mice have been widely used for the study of some forms of bacterial meningitis 8 , they are unsuitable for studies of neonatal infection: they are overwhelmed by systemic infection and do not show the strong age dependency characteristic of human infants 16 . Further, α-defensins, key peptides of the GI tract providing protection against systemic invasion by E. coli K1
Dissection
1. Following decapitation of the neonatal rat, use aseptic conditions to excise and collect tissues of interest. Wash all instruments (shown in Figure 1 ) in 70% ethanol and sterile PBS. 2. Clean the dissection board and wet the abdomen completely with 70% ethanol. Position the corpse on its back and fix to the dissection board by (i) pinning the left hind leg to the operation table with a sterile needle, (ii) stretching the corpse and pinning the right foreleg to the operation table, (iii) pinning the right hind leg and left foreleg to the operation table. 3. Pull the skin along the left hand side of the lower abdomen using forceps, then cut along the left hand side of the corpse from the lower abdomen to the sternum using small dissection scissors. 4. Extend the excision across the sternum, and then down the right hand side of the corpse from the sternum to the lower abdomen using forceps and small dissection scissors, ensuring that none of the underlying structures are damaged. 5. Finally, gently pull down the skin flap from the sternum to the lower abdomen using iris curved dissection forceps to expose the peritoneum. 6. Gently raise the peritoneum with forceps and cut vertically to expose the internal organs, ensuring that none of the underlying organs are damaged. Wash the homogenizer once in 70% ethanol and twice in sterile PBS in between homogenization of each sample. NOTE: Methacarn fixation is desirable for fixation of intestinal samples in order to preserve mucin-related mucosal defense structures; formalin fixation may be used for systemic tissues.
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Representative Results
The E. coli K1 systemic infection model described here replicates many of the features of the natural infection in humans. The bacteria are ingested, colonize the GI tract, translocate into the blood compartment via the mesenteric lymph nodes before establishing organ-specific disease with associated inflammation of the brain 24 . Importantly, the model displays strong age dependency; as shown in Figure 3 , two-dayold (P2) rat pups are highly susceptible to invasive disease but over a seven-day period the animals become progressively more refractory to infection, but not to GI tract colonization 17 . After transit from the site of GI colonization to the blood compartment, the bacteria can be visualized in blood samples by fluorescence microscopy (Figure 4 ) before entering the CNS predominantly at the choroid plexus 25 . In some animals, there is extensive invasion of other major organs such as lung, spleen and kidney 25 .
Bacterial numbers in tissues can vary substantially between individual pups 25 but when the bioburden is scored as either present or absent there is a high degree of reproducibility with regard to organ invasion. With a litter of 12 pups as a single test cohort, power calculations using G* Power Software determined that this sample size equates to a 98.6% probability of finding an effect based on survival using six animals from the cohort and >99% probability if all twelve are taken into consideration. The model is therefore suitable for evaluation of novel agents specifically tailored for the treatment of neonatal bacterial infections and has been used in the procedure to evaluate the therapeutic potential of the capsule depolymerase EndoE that selectively removes the K1 capsule from the bacterial surface [24] [25] [26] . It may also be used to investigate hostbacteria interactions that impact on the pathogenesis of E. coli neuropathogens; within this context it has been employed for studies of E. coli A192PP colonization and dissemination. It has been demonstrated that E. coli A192PP cells persist in the GI tract of P2, P5 and P9 pups in large numbers; temporal aspects of colonization in these three groups were very similar ( Figure 5 ) and reflects the capacity of the bacteria to replicate and maintain population density within the gut.
The virulence of the clinical isolate A192 was enhanced by serial passage in neonatal rats in order to ensure little or no redundancy of animal use. E. coli A192 colonized P2 neonatal rats with 100% efficiency, elicited bacteremia in 35% of animals and produced a lethal effect in 25% 27 . The passaged derivative A192PP colonizes the GI tract, produces bacteremia and causes lethality in all P2 pups. Thus, the model can be employed to investigate the virulence of different K1 strains with respect to their capacity to invade the CNS and other organ systems from the site of colonization. In this context, Pluschke and co-workers 23 used a neonatal rat infection model to determine the capacity of 95 E. coli Behavior when placed in cage Moves towards mother and starts feeding Cannot move towards mother and shows difficulty feeding Table 1 . Seven-point scoring system: The first three scores listed are usually the initial signs observed. *Neonates with systemic infection experience elevated body temperature (> 2 °C). However, due to the lack of agility of the animals to reach their mother to maintain body temperature, unhealthy animals may become separated from the litter and feel cold to the bare hand.
Discussion
The animal model described here builds on previous work that aimed to reproduce the salient features of naturally occurring infections in humans. Neonatal rats were initially employed to study infant meningitis due to H. influenzae type b as the species satisfied the key criteria for a robust model of infection. Thus, the portal of entry of the relevant pathogen should reflect that of the natural human infection and reproducibly give rise to similar pathology of sufficient duration to allow for therapeutic intervention. The techniques used should not limit the applicability of the procedure and should not contribute to disease outcome 20 . The model of H. influenzae meningitis in infant rats developed by Moxon and colleagues satisfies these criteria 20 ; the natural infection occurs after colonization of the mucosal membranes of the upper respiratory tract and this important feature was replicated in the rat pups by non-traumatic instillation of the bacteria onto the membranes of the nasal passages. Importantly, the age-dependent nature of the infection was replicated in the model.
The same group were also the first to develop a non-invasive model of E. coli K1 NBM in the neonatal rat 22 . Pathogen-free Sprague-Dawley pups were colonized by feeding 10 8 to 10 10 bacteria through an oral gastric tube; the inoculum was therefore considerably higher than that to a lesser extent, O7:K1 serotypes are able to consistently cause systemic infection. For this reason, these investigations of the pathogenesis of neuropathogenic E. coli K1 were based on the use of the virulence-enhanced O18:K1 strain A192PP. A comparison of E. coli K1 feeding of neonatal rats through a gastric tube, as used by Glode and colleagues 22 , and a droplet feeding method as employed by Achtman's group 23 revealed excessive numbers of deaths using the former method, almost certainly due to damage to mucosal surfaces by the gastric tube. As rates of colonization are comparable with these two methods, it is recommended to use the less invasive method of feeding the bacteria using a pipette with a sterile tip, as described in this communication.
E. coli strain A192PP used in our studies is O18:K1. It is a more virulent derivative of the clinical strain E. coli A192 that was originally recovered from a patient with septicemia 27 . The increased virulence of the strain was obtained by serial passage through neonatal rats 26 . The strain elicits an age-dependent disease severity, with 100% bacteremia and mortality when administered to 2 day old animals 28 . In contrast, 9 day old animals are completely resistant to disease. K1-specific lytic bacteriophage can be used to differentiate E. coli K1 from other E. coli strains 29 . In this study, susceptibility of viable bacteria to bacteriophage K1E should be used to (i) check the purity of the E. coli K1 suspensions prepared to be fed to the animals, and (ii) to differentiate E. coli K1 from other coliforms in order to calculate viability in perianal swabs, blood and tissue samples. If the colony is E. coli K1, it will be susceptible to bacteriophage K1E lysis, and bacterial growth will be inhibited at the site of bacteriophage inoculation. If the colony is not E. coli K1, it will be resistant to KIE bacteriophage lysis, and there should be an area of bacterial growth at the site of bacteriophage inoculation. It should be borne in mind that animal models cannot reflect all features of the naturally occurring disease. The current model can be modified to examine the virulence characteristics of neuropathogenic bacteria other than E. coli A192PP and variations in the size of the colonizing inoculum can be accommodated. Future applications of the technique could include the evaluation of much-needed drugs to treat the condition and to uncover details of the host response to colonization and tissue invasion.
The method described here is simple but effective. Single litters of 10 -12 pups were employed as test or control groups and this within-litter approach ensures a high degree of reproducibility and statistical validity. It is imperative that the pups are returned to their natural mothers as soon as possible after any procedure and litters should not therefore comprise animals undergoing different interventions. It is important that the fed inoculum be warmed otherwise the pups will reject the offered culture. The pups rapidly develop a complex microbiota and within two days of birth the GI tract is colonized with a wide range of bacteria from the phyla established as the most abundant microbes in the infant and adult gut. Pups that have not been fed E. coli A192PP do not carry E. coli K1 in the GI tract 17 and so determination of rates of colonization is relatively straightforward. However, the neuS-based qPCR method for detection of colonizing E. coli K1 is far more sensitive that traditional culture methods and is strongly recommended 17 .
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